Abstract Multiple sclerosis (MS) is characterized by demyelination and progressive neurological disability. Previous studies have reported defects to mitochondria in MS including decreased expression of nuclear encoded electron transport chain subunit genes and inhibition of respiratory complexes. We previously reported increased levels of the hemoglobin β subunit (Hbb) in mitochondrial fractions isolated from postmortem MS cortex compared to controls. In the present study, we performed immunohistochemistry to determine the distribution of Hbb in postmortem MS cortex and identified proteins which interact with Hbb by liquid chromatography tandem mass spectrometry (LC-MS/MS). We found that Hbb was enriched in pyramidal neurons in internal layers of the cortex and interacts with subunits of ATP synthase, histones, and a histone lysine demethylase. We also found that Hbb is present in the nucleus and that expression of Hbb in SH-SY5Y neuroblastoma cells increased trimethylation of histone H3 on lysine 4 (H3K4me3), a histone mark that regulates cellular metabolism. These data suggest that Hbb may be a part of a mechanism linking neuronal energetics with epigenetic changes to histones in the nucleus and may provide neuroprotection in MS by supporting neuronal metabolism.
Introduction
Multiple sclerosis (MS) is a neurodegenerative disease characterized by the demyelination and deterioration of neurons within the central nervous system (CNS) (Noseworthy et al. 2000) . In MS, axonal and neuronal degeneration and inflammatory demyelination accumulate over time, resulting in progressive neurological disability (Bjartmar et al. 2000; De Stefano et al. 2001) . Historically, MS was considered a white matter disease and the majority of research concerning MS was focused on understanding autoimmune demyelination. However, it has been established that cortical pathology, including extensive gray matter lesions and cortical atrophy, contribute to the progression of MS (Bo et al. 2006; Inglese et al. 2004; Fisher et al. 2008) . The mechanisms involved in cortical pathology are not clear, but current hypotheses describe dysfunction of the mitochondria in the cortex in MS. In studies analyzing postmortem brain tissue, the expression of genes involved in mitochondrial respiration has been found to be altered in normal appearing gray matter (NAGM) in MS brains compared to NAGM in nondiseased brains (Dutta et al. 2006; Pandit et al. 2009; Witte et al. 2013) . In a subsequent proteomic analysis of mitochondria in MS and control cortical tissue, hemoglobin β (Hbb) was found to be expressed in neurons and was more abundant in MS postmortem cortex compared to non-diseased cortex (Broadwater et al. 2011) .
Until recently, erythrocytes were believed to be the only cell type to contain hemoglobin. The function of hemoglobin Nolan Brown and Kholoud Alkhayer contributed equally to this work.
in red blood cells is to transport and exchange oxygen (O 2 ) and carbon dioxide (CO 2 ) in tissues. In red blood cells, hemoglobin exists as a heterotetramer of two hemoglobin α (Hba) and two hemoglobin β (Hbb) subunits. However, studies have now shown that various cell types other than erythrocytes, such as macrophages, epithelial cells, and neurons, also contain hemoglobin (Rahaman and Straub 2013) . The discovery of Hba and/or Hbb expression in diverse cell types suggests that they have other roles in addition to their role in O 2 and CO 2 transport. Hemoglobins contain a heme-prosthetic group (Fe-protoporphyrin IX) which binds not only O 2 and CO 2 but also nitric oxide (NO), allowing them to also participate in redox and dioxygenase reactions (Reeder et al. 2010) . In mesangial cells of the kidney, hemoglobin has been shown to act as an anti-oxidant (Nishi et al. 2008) . Separate functions have also been described for the α and β subunits in some cell types. In macrophages, the hemoglobin β minor subunit is expressed without the α subunit and acts to scavenge NO (Liu et al. 1999) . In vascular endothelial cells, Hba is expressed and has been shown to regulate NO release necessary for vasodilation when O 2 concentrations are low (Straub et al. 2012) . It is clear that hemoglobin has evolved to carry out diverse physiological functions in many different cell types. The role of hemoglobin in neurons in the CNS is still not clear. In order to better understand the function of Hbb and its potential role in providing neuroprotection in MS, we have analyzed the cortical distribution of Hbb by immunohistochemistry. We have also performed co-immunoprecipitation (Co-IP) experiments with an Hbb antibody followed by liquid chromatography tandem mass spectrometry (LC-MS/MS) to identify proteins interacting with Hbb in the MS cortex and in cultured primary neurons.
Methods Immunofluorescent Staining
Postmortem MS and control cortical brain tissue was obtained under IRB protocol from the Rocky Mountain MS Center and the Human Brain and Spinal Fluid Resource Center at UCLA. For immunofluorescent staining, frozen tissue blocks were fixed in 4 % paraformaldehyde for 24 h and cut 30 μm thick using a vibratome. Cortical tissue from five MS and four control brains was analyzed. Donor and tissue characteristics including age, sex, postmortem interval (PMI), and brain region are shown in Table 1 . Blocking buffer was prepared as 1× phosphate-buffered saline (PBS) with 0.5 % Triton X-100 and 3 % normal donkey serum. Samples were blocked in blocking buffer for 1 h and then primary antibodies were diluted in blocking buffer and applied to samples overnight at 4°C. Primary antibodies were applied in the following concentrations: Hbb (Aviva Systems Biology, San Diego, CA) 1:250, neurofilament (SMI32) (Calbiochem, Billerica, MA) 1:500, and tyrosine hydroxylase (Santa Cruz Biotechnologies, Dallas, TX) 1:250. Secondary antibodies were also applied in blocking buffer at 4°C for 2 h. All secondary antibodies were obtained from Invitrogen (Carlsbad, CA) and were applied at a concentration of 1:500. Secondary antibodies used are as follows: donkey anti-rabbit Alexafluor 488, donkey anti-goat Alexafluor 488, donkey anti-mouse Alexafluor 555, and donkey anti-goat Alexafluor 555. After incubation of secondary antibodies, samples were soaked in 10 mM cupric sulfate, 10 mM ammonium acetate buffer for 90 min to quench autofluorescence. Samples were mounted on microscope slides using Vectashield mounting medium for fluorescence with DAPI (Vector Laboratories, Burlingame, CA). Mounted samples were viewed with a Fluoview 1000 confocal microscope and imaged using the bundled software.
Immunostaining with neurofilament (SMI32) allowed the visualization of the cortical layers in each tissue block analyzed. Only sections containing all layers of the cortex with neural projections streaming perpendicular to the pial surface were included. With SMI32 as a guide to ensure that all layers of the cortical section were analyzed, contiguous ×20 objective fields were imaged from the outer edge of the cortex to the white matter. Image stacks spanning the depth of the tissue sections were acquired and the fields were stitched together with Fluoview software to create a map of the cortex spanning from the pial surface to cortical layer VI. SMI32 and Hbb immunoreactive neurons were counted in the external and internal cortical layers for sections from five MS and four control brains with Image J (Rasband 1997) . 
Primary Neuronal Cultures
All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Kent State University. Primary neuronal cultures were isolated from E17 Sprague Dawley rat brains. Briefly, cerebral cortices were dissected from the whole fetal rat brain and meninges carefully removed. The rat cerebral cortex was mechanically dissociated in EMEM containing 10 % FBS using fire polished Pasteur pipettes and then passed through 70 μm pore-sized mesh. Cells were then pelleted by centrifugation of 100×g for 10 min at 4°C and resuspended with neurobasal medium supplemented with B27 and N2. Cells were plated on poly-D-lysine-coated tissue culture dishes and maintained at 37°C and 5 % CO 2 in a humidified incubator. Primary neurons were cultured for 10 days before protein isolation. Media was changed after 3 days to eliminate any hemoglobin from blood contamination. Total protein was isolated for identification of hemoglobin interacting proteins by co-IP followed by LC-MS/MS. To confirm the presence of hemoglobin in our cultures, some cells were incubated on coverslips and immunostained with antibodies to hemoglobin (Pierce Biotechnology, Rockford, IL) and neurofilament (Chemicon, Temecula, CA) followed by the appropriate fluorescent secondary antibodies Alexafluor 488 or Alexafluor 555 (both from Invitrogen, Carlsbad, CA). Western blotting of protein isolated from our cultured rat primary neurons also confirmed the presence of a hemoglobin 16-kDa band (not shown). Immunostained cells were imaged with a Fluoroview 1000 confocal microscope.
Protein Extraction and Co-IP for Mass Spectrometry
For co-IP experiments, total protein was isolated from cortical gray matter tissue from an MS brain and from rat primary neuronal cultures. Tissue or cells were homogenized with a mini-homogenizer for 60 s in five volumes of extraction buffer. Extraction buffer consisted of 20 mM HEPES, pH 7.5, 100 mM NaCl, 0.05 % Triton X-100, 1 mM dithiothreitol (DTT), 5 mM sodium β-glycerophosphate, 0.5 mM sodium orthovanadate, 1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 10 μg/mL aprotinin, 5 μg/mL leupeptin, and 2 μg/mL pepstatin. The samples were then spun at 12,000×g for 15 min at 4°C. The supernatant was taken and spun again at 12,000×g for 10 min at 4°C. The supernatant was kept as the protein sample. Co-IP was performed with the protein isolated using the Pierce™ Classic Magnetic IP/Co-IP Kit (Thermo Scientific, Waltham, MA). In order to form the Hbb and antibody immune complex, 1.0 mg of protein extract was incubated with 10 μg of an Hbb antibody (Aviva Systems Biology, San Diego, CA). Protein isolated from rat primary neurons was incubated with 10 μg of a hemoglobin antibody (Pierce Biotechnology, Rockford, IL). Protein was also immunoprecipitated with non-specific IgG as a control. The protein and antibodies were incubated for 2 h at room temperature, with the total reaction diluted to 500 μL in IP Lysis/ Wash Buffer. IP Lysis/Wash Buffer consisted of 0.025 M Tris, 0.15 M NaCl, 0.001 M EDTA, 1 % NP40, and 5 % glycerol at pH 7.4. After complex formation, 25 μL of washed magnetic beads were added to the complex solution and incubated at room temperature for 1 h. The beads were washed with 500 μL IP Lysis/Wash Buffer and then with 500 μL of ultrapure water. The sample was eluted with 100 μL of low-pH elution buffer for 10 min at room temperature and then neutralized. Eluted proteins from the Co-IP were resuspended in SDS-PAGE sample buffer and denatured at 95°C for 5 min. The sample was run on a NuPAGE 4-12 % Bis Tris Gel (Invitrogen, Carlsbad, CA) and Coomassie stained to visualize protein bands. The gel was washed and destained in distilled water. The protein lane was cut out of the gel and destained with 500 μL of 1:1 ACN (acetonitrile) and 100 mM ABC (ammonium bicarbonate) solution for 2-6 h. Next, the gel piece was dehydrated and hydrated with 200 μL 100 % ACN and 200 μL 100 mM ABC, respectively. Disulfide bonds were then reduced with 10 mM DTT at 56°C for 45 min, and free cysteines were alkylated with 55 mM IAA (iodoacetamide) in the dark at RT for 45 min. The gel piece was then swelled in 50 mM ABC containing freshly prepared 10 ng/μL trypsin (Promega, Madison, WI, sequencing-grade) and digested overnight at 37°C. Subsequently, peptides were extracted 50 % ACN/25 mM ABC/5 % FA (formic acid) and dried in SpeedVac.
Reverse Phase LC-MS/MS Analysis and Protein Identification
For gel-based tandem mass spectrometry analysis, digested peptides were reconstituted with 0.1 % formic acid and analyzed by LC-MS/MS using an LTQ-Orbitrap Elites mass spectrometer (Thermo Scientific, Waltham, MA) equipped with a nanoAcquity TM Ultra-high pressure liquid chromatography system (Waters). The mobile phases included aqueous phase A (0.1 % FA in water) and organic phase B (0.1 % FA in 85 % ACN). Tryptic peptides were loaded onto a nanoACQUITY UPLC desalting trap column (180 μm × 20 mm nano column, 5 μm, 100 A°, Waters). Subsequently, peptides were resolved in a nanoACQUITY UPLC reversed phase column (75 μm × 250 mm nano column, 1.7 μm, 100 A°; Waters). Liquid chromatography was carried out using a gradient elution of 1-90 % of organic phase over 90 min at ambient temperature. Peptides were then introduced into the mass spectrometer via a nano-electrospray ion source at a flow rate of 0.3 μL/min. Full scan MS spectra were acquired at a resolution of 60,000 followed by 20 collision-induced dissociation (CID) fragmentations in a data-dependent manner. The dynamic exclusion list was confined to a maximum of 500 entries, with exclusion duration of 45 s and mass accuracy of 10 ppm for the precursor monoisotopic mass.
For protein identification, the LC-MS/MS raw files were acquired using the Thermo X-calibur software (Thermo Scientific, Waltham, MA) and searched by Mascot (version 2.3.01, Matrix Science) against the human Uniprot (71,434 sequences) database. Search settings were as follows: trypsin enzyme specificity; mass accuracy window for precursor ion, 10 ppm; mass accuracy window for fragment ions, 0.8 Da; variable modifications including carbamidomethylation of cysteines, one missed cleavage, and oxidation of methionine. The search results were then filtered using the cutoff criteria of p value ≤0.05.
Hbb Expression Construct and Transfections
Total RNA were extracted from approximately 50 mg human brain tissue using a SV total RNA isolation system (Promega, Madison, WI) according to manufacturer's instructions. The quantity and quality of RNA were checked with a ND1000 Nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, DE). Reverse transcription to produce cDNA was performed with a Brilliant III ultrafast SYBR Green QRT-PCR kit (Agilent Technologies, Santa Clara, CA). Full-length human Hbb cDNA was amplified by PCR from human brain cDNA using the following primer pairs: Hbb F 5′ATCCTCGAGTGCTTC TG A C A C A A C T GT GT TC A C T 3′ and H bb R 5′ ATCCCGGGTGGACAGCAAGAAAGCGAGCTT 3′. The resulting PCR product was cloned into pEGFP (Clontech Laboratories) and then subcloned into the XhoI and NheI sites of the pVitro2 mammalian expression vector (Invivogen, San Diego, CA). The constructed plasmid was confirmed by sequencing and the insert showed 100 % sequence similarity with the Hbb sequence from NCBI [hemoglobin β (NM_000518.4)].
Human SH-SY5Y neuroblastoma cells were cultured in 1:1 mixture of EMEM and F-12 medium (Sigma-Aldrich, St. Louis, MO) with 10 % FBS (MidSci, St. Louis, MO) in a 37°C incubator with 5 % CO 2 . pVitro2 and pVitro2-Hbb constructs were purified and transfected into SH-SY5Y cells with TransIt Express transfection reagent (Mirus, Madison, WI) according to manufacturer's instructions. The pVitro2 and pVitro2-Hbb plasmids were incubated with the TransIt transfection reagent for 30 min to allow DNA complexes to form. The complexes were then added to SH-SY5Y cells already seeded on 100 mm culture plates to 80 % confluency and incubated for 48 h. After 48 h, protein was isolated and Western blotting was performed to measure levels of Hbb expression and histone methylation.
Western Blotting
Proteins were separated by SDS polyacrylamide gel electrophoresis on NuPage 4-12 % Bis-Tris gels (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose. Blots were then incubated in primary antibody overnight and then in the appropriate HRP-conjugated secondary antibody for 2 h and immunoreactivity was detected with Luminol (Santa Cruz Biotechnologies, Dallas, TX). For quantitation of nuclear and mitochondrial Hbb protein levels in MS and control postmortem tissue, protein was isolated and fractionated according to the method of Pallotti and Lenaz (2007) . Six MS and six control cortical gray matter tissue samples were analyzed ( Table 1 ). The purity of fractions was determined by Western blotting with antibodies to the mitochondrial membrane protein aralar (BD Biosciences, Franklin Lakes, NJ) and the neuronal nuclear marker NeuN (Chemicon International, Temecula, CA). Western blots were also performed with an antibody to the astrocyte marker GFAP (not shown). Any samples exhibiting increased GFAP indicative of astrogliosis or a change in cellularity indicated by decreased NeuN were eliminated. Western blotting was performed with an antibody to Hbb (Aviva Systems Biology, San Diego, CA) and relative Hbb levels were determined after normalization to either NeuN for nuclear fractions or aralar for mitochondrial fractions. To confirm identification of Hbb interacting proteins, Western blots were performed with protein immunoprecipitated with antibodies to Hbb or non-specific IgG. Blots were incubated with antibodies to Hbb (Aviva Systems Biology, San Diego, CA), ATP5A1 (Novex Life Technologies, Waltham, MA), and histone H3 (Abcam, Cambridge, MA). To measure Hbb and H3K4me3 levels in transfected SH-SY5Y cells, blots were incubated with antibodies to either Hbb (Aviva Systems Biology, San Diego, CA) or histone H3 trimethylated on lysine 4 (H3K4me3) (Abcam, Cambridge, MA). Hbb levels were normalized to GAPDH (Millipore, Temecula, CA) and H3K4me3 was normalized to histone H3. Protein levels were determined by densitometry with Image J from at least two independent experiments. Statistical significance of changes in protein levels was determined with a Student's t test with p < 0.05 considered significant.
Results
To understand the distribution of hemoglobin in the cortex and to determine whether this distribution is altered in MS, we performed immunofluorescent staining with antibodies to hemoglobin and the neuronal marker neurofilament (SMI32) in cortical sections obtained from five MS and four control brains (Table 1) . A representative confocal image showing the subdivisions of the cortex ascertained by SMI32 immunostaining in motor cortex from an MS sample is shown in Fig. 1a . Representative confocal images showing colocalization of Hbb and SMI32 in neurons in MS cortical sections are shown in Fig. 1b . We did not find any statistically significant difference between MS and control brains in the overall percentage of Hbb + cells or in the cortical distribution of Hbb. We identified a total of 703 SMI32+ neurons from immunostained sections from the motor and parietal cortex across five MS brains and found that 33 % were also immunoreactive for Hbb. For control brains, 534 SMI32 positive neurons were identified across four brains and 172 also expressed Hbb (32 %). In addition, we found that Hbb expression was enriched in the internal layers of the cortex (layers IV-VI) compared to external layers (layers I-III) in both MS and control brains. For MS brains, 300 SMI32 positive neurons were identified in the external layers of the cortex, and 67 were also immunoreactive for Hbb (22 %). In the internal layers, 403 SMI32 positive neurons were identified and 167 expressed Hbb (42 %). For controls, in external layers, 49 of 197 SMI32 positive neurons expressed Hbb (25 %). In the internal layers, 337 SMI32 positive neurons were counted and 123 also expressed Hbb (36 %). Most Hbb containing neurons exhibited pyramidal cell morphology. Hbb expression was found to be localized predominantly in the cytoplasm of these cells, but nuclear staining was also detected as shown in Fig. 1c . Weak staining for Hbb was observed in the nucleus, but not in the nucleolus in pyramidal neurons in both MS and control cortical tissue. It has been reported that SMI32, which stains non-phosphorylated neurofilament-H, is a marker of dystrophic neurons and axons, and is indicative of axonal damage. In our hands we did not observe a difference in neurofilament staining with SMI32 or Fig. 1 Cortical distribution of Hbb expressing pyramidal neurons in MS cortex. a Representative confocal image from MS motor cortex immunostained with antibodies to neurofilament (SMI32) and Hbb. Sequential ×20 confocal images were acquired from the pial surface extending through cortical layer VI and stitched into a single image. Cortical layers were visualized by SMI32 staining shown in grayscale. Scale bar represents 100 μm. b Panel shows the boxed region in A at higher magnification. SMI32 and Hbb immunoreactivity can be seen in pyramidal neurons denoted by arrows. SMI32 and Hbb channels are shown in grayscale and the merged image on the right shows colocalization of SMI32 (red fluorescence) and Hbb (green fluorescence). SMI32 and Hbb positive cells were counted in cortical tissue sections from five MS brains. We found that on average 33 % of SMI32+ cells were also immunoreactive for Hbb. In external layers of the cortex (layers I-III), 22 % of SMI32+ neurons were Hbb+. In cortical layers IV-VI, the internal cortical layers, 42 % of SMI32 neurons also expressed Hbb. c Hbb expression is observed in the nucleus but not in the nucleolus (denoted by arrows) in pyramidal cells. d Representative confocal image showing an MS cortical section immunostained with antibodies to TH (red fluorescence) and Hbb (green fluorescence). Arrows denote TH positive axons appearing to contact cell bodies of Hbb positive cells. Scale bar represents 30 μm with the SMI31 antibody which stains phosphorylated neurofilament in postmortem tissue. We also stained tissue blocks with SMI31 and Hbb and obtained similar results (data not shown).
In addition to SMI32 and Hbb labeling, sections of MS and control brains were stained for tyrosine hydroxylase (TH) and Hbb (Fig. 1d) . TH catalyzes the rate limiting step of the formation of catecholamines, which include the neurotransmitters dopamine, adrenaline, and noradrenaline. TH has also been localized within interneurons, and thus can be used as a histochemical marker for interneurons (Benavides-Piccione and DeFelipe 2007). These TH positive interneurons do not synthesize catecholamines, but appear to be GABAergic. An abundance of TH labeled neurons was found in the MS samples, each with morphologies consistent with interneurons. TH labeled neurons did not appear to contain Hbb; however, some TH labeled neurons were observed to form what appeared to be synapses to cells which did contain Hbb (Fig. 1d) . TH labeled neurons appeared to contact the cell bodies of Hbb expressing neurons as opposed to dendrites, suggesting these TH expressing neurons are GABAergic inhibitory interneurons, as inhibitory synapses often target cell bodies instead of dendrites. Benavides-Piccione and DeFelipe (2007) state that the most common cell type targeted by interneurons are pyramidal cells.
We did not observe any significant changes in the numbers of neurons expressing Hbb in MS cortex compared to controls. To determine whether levels of Hbb protein were changed between MS and control brains, we performed Western blotting with mitochondrial and nuclear protein isolated from six MS and six control cortical gray matter samples as shown in Fig. 2 . The relative purity of protein fractions was determined by Western blotting with antibodies to the mitochondrial membrane protein aralar and the neuronal nuclear marker NeuN. A representative Western blot demonstrating purity of fractionation is shown in Fig. 2a for a subset of samples. Consistent with our previous study, we found that mean Hbb levels were increased by 29 % in mitochondrial fractions isolated from MS cortical samples compared to controls (Broadwater et al. 2011) (Fig. 2b, d ). We also measured levels of Hbb in nuclear fractions and found that Hbb levels were reduced on average by 38 % in MS nuclear fractions compared to controls (Fig. 2c, d) .
We then performed co-IP experiments with an antibody to Hbb and total cell extracts from motor cortex from an MS brain to identify proteins which interact with Hbb. Fifteen proteins including Hbb itself were identified by LC-MS/MS (p ≤ 0.05). Table 2 describes the proteins identified which coimmunoprecipitated with Hbb. All peptide sequences assigned are listed, with their respective observed and expected peptide masses and ion scores. The accession number for each protein is listed with their respective exponentially modified protein abundance index (emPAI), queries matched, and mass. The emPAI is a semi-quantitative estimate of the relative abundance of proteins in the sample. It is the number of peptides per protein normalized by the theoretical number of peptides. Proteins low in abundance will have low emPAI scores. Five of the Hbb interacting proteins identified in the postmortem sample were mitochondrial, including ATP synthase subunits alpha and beta (ATP5A1 and ATP5B), mitochondrial malate dehydrogenase (MDH2), ADP/ATP translocase 4 (SLC25A31), and a mitochondrial phosphate carrier (SLC25A3), suggesting that Hbb is associated with mitochondria. We also identified several histone proteins including histone H3 (HIST2H3A) and lysine-specific demethylase 8 (KDM8), which is a histone demethylase, suggesting that Hbb may be involved in regulating histone methylation. Western blotting confirmed that Hbb eluted after (Fig. 3) but Hbb did not elute after immunoprecipitation with a non-specific IgG antibody. Other Hbb interacting proteins identified by co-IP followed by LC-MS/MS including ATP5A1 and histone H3 were also confirmed by Western blot as shown in Fig. 3 . Because the protein isolated from the human postmortem cortical sample would contain protein not only from neurons but also from other cell types that express hemoglobin including red blood cells, vascular endothelial cells, and macrophages, we repeated the co-IP combined with LC-MS/MS with total protein isolated from cultured rat primary neurons. It has been reported previously that primary neurons express hemoglobin (Schelshorn et al. 2009 ). To confirm that our cultured neurons expressed hemoglobin, we first performed immunofluorescent staining with hemoglobin and neurofilament antibodies. Confocal images in Fig. 4 show that hemoglobin (Hb) and neurofilament (NF) are co-expressed in these cells. Neuron-specific hemoglobin interacting proteins identified by LC-MS/MS are shown in Table 3 and are consistent with those identified in the human postmortem cortical gray matter sample. Hemoglobin interacting proteins in rat primary neurons overlapped with many of the mitochondrial and nuclear proteins identified in the postmortem sample including Atp5a1, Atp5b, Mdh2, Slc25a3, and histones (Table 3) . We also identified 2-oxoglutarate dehydrogenase in primary neurons which is of interest since many histone demethylases require 2-oxoglutarate as a cofactor (Gut and Verdin 2013; Salminen et al. 2014) . These data provide further evidence that hemoglobin may be involved in mediating signals between mitochondria and the nucleus in neurons.
To test whether Hbb could be regulating histone methylation, we transfected human SH-SY5Y neuroblastoma cells, which do not express endogenous Hbb, with either the empty expression vector (pVitro2) or expression vector driving Hbb expression (pVitro2-Hbb) and measured histone H3 methylation. After 48 h, cytoplasmic and nuclear extracts were isolated. Western blotting was performed with cytoplasmic protein and an antibody to Hbb to show that Hbb was being expressed from the pVitro2-Hbb expression construct in the neuroblastoma cells after transfection (Fig. 5a) . We then performed Western blotting with nuclear extracts and an antibody to H3K4me3 and found that levels of this methylated histone were increased by almost twofold in pVitro2-Hbb transfected cells after normalization to histone H3 levels (Fig. 5b, c) .
Discussion
The presence of hemoglobin mRNA and protein within neuronal cells of the rodent and human CNS has been confirmed in several studies (Richter et al. 2009; Biagoli et al. 2009; Schelshorn et al. 2009; Broadwater et al. 2011) , but the function of hemoglobin in cortical neurons is still not clear. Hemoglobin may serve a direct role in delivering oxygen to mitochondria in neurons. The association of hemoglobin with mitochondria is consistent with such a role (Shephard et al. 2014 ). However, hemoglobin may also have other functions in neurons. In order to better understand the role of hemoglobin in the CNS and its relevance to MS pathology, we first examined the cortical distribution of Hbb and its expression relative to 1992) . We found that the majority of neurons that contained Hbb and SMI32 appeared to be pyramidal neurons. Pyramidal neurons are glutamatergic and can be identified by their large size, apical dendrites, long axons, and pyramidal shape. They are generally found in cortical layers III and V but are also occasionally located in others layers. Hbb immunoreactivity in these cells was strongest in the cell body but weak staining also appeared in the nucleus and was absent in the nucleolus. These data are consistent with the study by Richter et al. 2009 which found hemoglobin immunoreactivity in cortical pyramidal neurons in rodent and human brains and the Biagoli et al.
study which also reported hemoglobin expression in the cytoplasm and nucleus, but not in the nucleolus, in dopaminergic neurons. Nonpyramidal cells are generally short axon cells which reside in middle layers of the cortex and are often inhibitory, signaling through GABAergic neurotransmission. Many of these interneurons synthesize TH. In contrast to a study by Biagoli et al. (2009) , who found hemoglobin expression in TH containing neurons in the substantia nigra, we did not find any colocalization of TH and Hbb, but we did find that TH labeled neurons appeared to synapse to the soma of Hbb containing cells. This observation was consistent with the fact that TH labeled interneurons have been shown to preferentially synapse with pyramidal cells (Benevides-Piccione and DeFelipe 2007). The discrepancy between our study and the Biagoli et al. (2009) study is most likely due to the brain regions analyzed. We analyzed TH and Hbb colocalization The significance of the increased distribution of Hbb expressing pyramidal neurons in internal cortical layers is not clear, but it may be a result of the large size and axonal projections of these cells. Neurons with longer projections require increased ATP to maintain ion homeostasis and conduction of nerve impulses over long distances. Our data show that Hbb overexpression in SH-SY5Y neuroblastoma cells increased H3K4me3, a histone mark that is present in actively transcribed regions of chromatin and regulates expression of oxidative phosphorylation genes (Singhal et al. 2015) . A role for hemoglobin in mitochondrial respiration is supported by a study by Biagoli et al. (2009) which suggested that alterations in hemoglobin expression affect cellular energetics, since dopaminergic cell lines over expressing α-and β-globin subunits exhibited changes in oxygen homeostasis and alterations in the expression of mitochondrial genes. One explanation for the enrichment of Hbb expression in projection neurons in deeper cortical layers could be to maintain an adequate supply of ATP by upregulating H3K4me3 and expression of genes necessary for oxidative phosphorylation.
Our data suggest that changes in Hbb subcellular localization may contribute to MS pathology by exacerbating the effects of demyelination on neuronal energetics. Pyramidal cells in deeper cortical layers (layers V and VI) project to subcortical regions including the thalamus and spinal cord. As a result of the longer distances these axons traverse, they are more likely to be exposed to inflammatory insults and demyelination. Axons that are demyelinated redistribute sodium channels in order to maintain conductivity (England et al. 1991; Waxman 2006) . As a result, these neurons require additional ATP in order to maintain ion homeostasis and neurotransmission. In addition to metabolic stress induced by demyelination, neurons are further compromised in MS by a dysregulation of mitochondrial genes and impaired energetics. Mitochondrial abnormalities including decreased expression of nuclear encoded electron transport chain subunit genes, the neuronal mitochondrial metabolite N-acetylaspartate, and the mitochondrial biogenesis factor PPARGC1a have been reported in cortical neurons in MS in studies analyzing postmortem tissue even in areas with no overt pathology (Witte et al. 2013; Li et al. 2013) . Indications of metabolic changes and a dysfunction of mitochondrial respiration in MS cortical gray matter have also been observed in vivo in magnetic resonance spectroscopy studies Cader et al. 2007) . Our data suggest that there is a change in Hbb subcellular localization in MS, with increased Hbb in mitochondria and decreased Hbb in the nucleus. A dysregulation of Hbb transport into the nucleus in pyramidal neurons in MS may lead to a reduction in H3K4me3 and decreased expression of genes involved in mitochondrial respiration. This mechanism may contribute to the previously reported reductions in H3K4me3 and decreased expression of mitochondrial respiratory complexes in MS cortical neurons (Singhal et al. 2015; Dutta et al. 2006) . Depletion of nuclear Hbb in MS may lead to an inability for neurons to meet the increased demands for energy as a result of demyelination.
It is not clear how Hbb is regulating methylation of H3K4me3 but it is known that histone H3 demethylases are dioxygenases that can be regulated by mitochondrial metabolites (Salminen et al. 2014; Gut and Verdin 2013) . These dioxygenases catalyze the oxidation of carbon-hydrogen bonds and require O 2 (Vissers et al. 2014) . Since one of the main functions of hemoglobin is to bind O 2 , it may regulate histone H3 methylation by sequestering oxygen from histone demethylases, preventing the dioxygenase reaction and histone demethylation. We found that overexpressing Hbb alone increased H3K4me3 suggesting that although in erythrocytes the α-and β subunits function as a heterotetramer, these genes may have evolved separate functions and may act independent from one another in some cells. This idea is consistent with data showing that only Hba is expressed in vascular endothelial cells where it participates in a dioxygenase reaction which regulates NO release independent of Hbb (Straub et al. 2012) . Hbb can also form a tetramer (HbH) which has a higher binding affinity for O 2 than the α 2 β 2 heterotetramer (Bellelli et al. 2006) . Similarly, Hbb may act independently from Hba in cortical pyramidal cells and may provide a mechanism to regulate histone demethylation, chromatin conformation, and gene expression in response to changes in cellular metabolism and O 2 consumption.
We have found that Hbb is expressed in cortical pyramidal neurons and is enriched in internal cortical layers in MS. We have also found that Hbb interacts with subunits of ATP synthase, an ADP/ATP translocase, histones, and a histone lysine demethylase. Overexpression of Hbb in SH-SY5Y cells increased levels of trimethylated histone H3. Taken together these data suggest that Hbb may be a part of a mechanism linking mitochondrial energetics with epigenetic changes to histones and gene expression changes in the nucleus.
